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In this work spin transport in corrugated armchair graphene nanoribbons (AGNR) is studied.
We survey combined effects of spin-orbit interaction and surface roughness, employing the non-
equilibrium Green’s function formalism and four orbitals tight-binding model. We modify hopping
parameters regarding bending and distance of corrugated carbon atoms. The effects of surface
roughness parameters, such as roughness amplitude and correlation length, on the spin transport of
the graphene nanoribbons are studied. We show that increasing surface roughness amplitude breaks
the AGNR symmetry and hybridize σ and pi orbitals, leading to more spin flipping and therefore
decrease in polarization. Unlike the roughness amplitude, the longer correlation length makes AGNR
surface smoother and increases polarization. Moreover, Spin diffusion length of carriers is extracted
and its dependency on the roughness parameters is investigated. We find the spin diffusion length
for various surface corrugation amplitude in order of 1 to 80 micrometer .
PACS numbers:
I. INTRODUCTION
Graphene– a monolayer of graphite– is an at-
tractive material for electronic and spintronic de-
vices due to its unique properties.1. High charge
mobility2 and long spin relaxation time3 make it
as an interesting base material for spintronics. It is
supposed to have relatively small spin orbit inter-
action due to low atomic number of carbon Z = 6
3. Based on theoretical calculations, various values
are estimated for the gap opened by intrinsic spin-
orbit coupling (ISOC) at the K point. An early
study predicts ISOC gap as 200µeV 4. A later
study calculates it to be 1µeV by use of tight-
binding and density functional theory 5,6 An all-
electron first principles calculation gives a higher
value, in order of 50µeV 7. Regarding d and higher
orbitals, the value of ISOC gap is about 24µeV 8.
This small ISOC gap results in spin relaxation time
of microsecond-order9,10.
However, much shorter relaxation times in the
range of pico- to few nanoseconds are reported by
recent expriments11–14. This discrepancy between
theory and experiment results still remains and the
origin of spin relaxation in graphene is a major
∗pourfath@ut.ac.ir
open question1.
The known sources for spin dephasing and scat-
tering are widely discussed in the literature15,16.
It has been suggested that extrinsic effects17, such
as substrate and adatoms9,18,19, ripples20, and
charged impurities21,22, are the cause of the spin-
relaxation time degradation in graphene.
Substrate surface roughness is another scatter-
ing source that can affect spin transport23–25. In
an ideal graphene sheet spin-orbit interaction be-
tween nearest neighbors vanishes due to the sym-
metry, whereas next nearest neighbors have negli-
gible effects on spin flipping4. Surface roughness
breaks the symmetry in graphene and enhances
spin-orbit interaction between nearest neighbors.
Moreover, Substrate surface roughness enhances
coupling between σ and π orbitals, and there-
fore spin-orbit interaction. In this context, spin
transport has been studied for a curved graphene
nanoribbon26 and also in the presence of random
spin-orbit coupling27,28. However, a careful and
comprehensive analysis of the role of surface cor-
rugation on spin-transport is missing.
In this work, spin transport in corrugated
graphene nanoribbon is studied, employing an
atomistic approach based on the non-equilibrium
Green’s function formalism29.
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FIG. 1: (a) The illustration of spin transport in corru-
gated graphene nanoribbon. (b) Spin transitions due
to spin-orbit interaction in px,y,z orbitals.
TABLE I: The on-site potentials and hopping param-
eters of graphene. All values are in the unit of eV
εs εp ssσ spσ ppσ pppi
−7.3 0 −4.30 +4.98 +6.38 −2.66
II. APPROACH
The Hamiltonian of a graphene nanoribbon
(GNR) can be described as:
H = HTB +HSO, (1)
where HTB is the nearest-neighbor tight-binding
Hamiltonian excluding spin-orbit coupling:
HTB =
∑
〈i,j〉;l,m
(ǫl,mδi,jδl,m−ti,j;l,m)cˆ
†
i,j;l,mcˆi,j;l,m,
(2)
where i and j are indices of atoms and 〈i, j〉 runs
over first-nearest neighbors, l and are the orbital
indices, which are px,y,z and s orbitals, ǫ represents
the on-site potential, and t is the hopping param-
eter. The selected values of discussed parameters
can be found in Table II.
In Eq. 1HSO is the spin-orbit coupling term that
can be written as3,26:
HSO = λLˆ · Sˆ, (3)
TABLE II: Surface rughness parameters of some
materials42–47
SiO2 BN Mica Al2O3
δh 168 − 360pm ≃ 75pm 24pm 330pm
Lx = Ly 15− 32nm - 2nm -
where λ is the spin-orbit coupling constant that is
chosen to be 12meV. Lˆ and Sˆ are angular momen-
tum and spin operators, respectively. Intra-atomic
spin-orbit coupling between px↑, py↑, pz↑ px↓, py↓,
pz↓ orbitals is given by:
HSO =
λ
2


0 −i 0 0 0 1
i 0 0 0 0 −i
0 0 0 −1 i 0
0 0 −1 0 i 0
0 0 −i −i 0 0
1 i 0 0 0 0


(4)
Although s orbital does not contribute to spin-
orbit coupling matrix, it affects spin transport
through bonding. The ISOC constant is inversely
proportional to spσ hopping parameter in second
order5. Substrate surface is an statistical phenom-
ena which can be modeled by a Gaussian auto-
correlation function (ACF)23:
R(x, y) = δh2 exp
(
−
x 2
Lx
2
−
y2
Ly
2
)
. (5)
Lx and Ly are the roughness correlation lengths
along the x and y-direction, respectively. δh is the
root mean square of the height fluctuation. Fur-
ther details of generating random surface rough-
ness can be found in our previous work30. Many
samples are generated for one device and then, the
characteristics of each device is obtained by an en-
semble average over all samples31.
The amplitude of Graphene surface roughness
is depend on its substrate material and polish-
ing method(see Table II). Surface roughness al-
ters the positions and directions of atomic orbitals
of graphene. The hopping parameters have been
modulated using Harrison’s model tij ∝ 1/d
232
and the effect of orbital direction variation on the
hoping parameters has been included by Slater-
Koster model33.
The non-equilibrium Green’s function is used to
study the spin transport in corrugated nanorib-
bons. The Green’s function of the channel is given
3(d)(c)
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FIG. 2: The ensemble average of (a) T↑↑, (b) T↑↓, and
(c) 1− P as a function of energy at various substrate
surface roughness amplitudes in AGNR with NW =
15, L = 40nm and Lx, Ly = 10nm and (d) P versus
substrate surface roughness amplitude at 0.5eV .
by:
(
Gr,a↑↑ (ǫ) G
r,a
↑↓ (ǫ)
Gr,a↓↑ (ǫ) G
r,a
↓↓ (ǫ)
)
=
[
(ǫ± iη)I −
(
H↑↑ H↑↓
H↓↑ H↓↓
)
−
(
ΣL↑ 0
0 ΣL↓
)
−
(
ΣR↑ 0
0 ΣR↓
)]−1
,
(6)
where η is an infinitesimal quantity and ΣR/L,σ
is the self energy of the left or right contact for
electrons with up or down spin (σ =↑, ↓) that is
given by
Σα,σ = τ
†
α,σgα,σ(ǫ)τα,σ. (7)
gα is the surface Green’s function of semi-infinite
left and right electrodes which can be obtained
from highly convergent Sancho method34. The
transmission probability can be obtained by35:
T↑↑ = Trace[ΓL↑G
r
↑↑ΓR↑G
a
↑↑], (8a)
T↑↓ = Trace[ΓL↑G
r
↑↓ΓR↓G
a
↓↑] (8b)
T↑↑ denotes the transmission probability of carri-
ers with up-spin in the left contact to up-spin in the
right-contact, and T↑↓ refers transmission proba-
bility of carriers with up-spin in the left-contact
(a)  (b)
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FIG. 3: (a) T↑↑ and (b) polarization as a functions
of energy at various roughness correlation lengths for
AGNR with NW = 15, L = 40nm and δh = 100pm.
to down-spin in the right-contact as shown in the
Fig.1. T↑↓ is an indication of spin-flip along the
channel due to spin-orbit interaction. Corrugation
and spin-orbit interaction are neglected in the con-
tacts. Γασ is the broadening of the left and right-
contact for up- and down-spin, which is defined as:
Γα,σ = i(Σα,σ(ǫ)− Σ
†
α,σ(ǫ)). (9)
III. RESULTS AND DISCUSSION
In this work an AGNR channel is considered.
Surface roughness is applied and spin transport in
the device is studied.
T↑↑ and T↑↓ are plotted as a function of energy
at various roughness amplitudes in the Fig. 2. T↑↑
decreases as roughness amplitude increases due to
scattering with surface and increasing spin-orbit
interaction (spin flip), while the variation of T↑↓
is more complicated. One expects that due to
enhanced spin-orbit interaction and the resulting
spin flip rate, T↑↓ should increase with roughness
amplitude. However, T↑↓ shows a descending be-
havior with roughness amplitude. This behavior
can be explained by the fact that surface rough-
ness causes two scattering processes: (I) spin flip-
ping due to enhanced spin-orbit interaction and
(II) scattering due to random variation of hopping
parameters. At small roughness values the former
results in T↑↓ increment, whereas at larger rough-
ness values the latter dominates and results in the
reduction of T↑↓. To focus on spin-flipping process
spin-polarization can be defined as36:
P =
T↑↑ − T↑↓
T↑↑ + T↑↓
, (10)
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FIG. 4: The ensemble averages of (a) T↑↑, (b) T↑↓ as
functions of energy at various channel lengths, (c) the
polarization versus channel length for 0.7eV , NW =
15, δh = 50pm and Lx, Ly = 10nm, and (d) spin-
diffusion length (λs) at various roughness amplitudes.
which is spin-polarization of carriers through the
channel. As shown in the Fig. 2, (c) and (d)
P decreases as roughness amplitude increases.
1−〈P 〉 = 2T↑↓/(T↑↑+T↑↓) indicates spin flip trans-
mitted over total transmission.
The results, in accordance to previous
works37–39, indicate increasing spin-flip rate
as a consequence of surface roughness increasing.
This is because the local curvature mixes π and σ
bonding.
Correlation length has a different effect on trans-
mission probability, see Fig. 3. T↑↑ increases with
correlation length. A longer correlation length
leads to a smoother substrate surface that results
in the reduction of scattering and spin-flip rate.
Therefore, both T↑↑ and polarization increase with
correlation length.
Spin flipping occurs during carrier transport
through the channel. The effects of the chan-
nel length on the spin transmission are investi-
gated in Fig. 4. T↑↑ decreases as the channel
length increases due to increased scattering and
spin-flipping, while T↑↓ increases with the chan-
nel length. The polarization versus energy at var-
ious channel lengths is shown in Fig. 4. To quan-
tify the effect of surface corrugation on the spin-
polarization one can define spin diffusion length
TABLE III: Spin diffusion length for Lx ,Ly = 10pm
and various δh .
δh 25pm 50pm 75pm 100pm 150pm 200pm
Ls 80µm 29µm 12µm 5µm 1.6µm 1.1µm
(λs) as P (ǫ) = P0 exp(−L/λs(ǫ)). To extract spin
diffusion length the polarization as a function of
channel length is plotted (Fig. 4 (c)) and an ex-
ponential curve is fitted and the respective λs is
evaluated.
Spin diffusion length for surface roughness am-
plitude of 200pm, witch is common for graphene
on SiO2 substrate, is obtained by averaging over
spin diffusion length in various energy. the value
of spin diffusion length is equal to 1.2µm.
The Ls for various surface roughness amplitude
can be found in Table II.
The spin relaxation time can be obtained from
τs = λ
2/Ds, with a spin diffusion coefficient of
Ds ≈ 10
−2m2/s40. The extracted spin relaxation
time is in order of picosecond which is in agreement
with experimental results40,41.
IV. CONCLUSIONS
The effects of surface roughness on spin trans-
port in AGNR is investigated. The influence of
roughness parameters and channel length is stud-
ied. It is shown that surface roughness has a
significant influence on spin-polarization. By in-
creasing roughness amplitude the spin-polarization
decreases due to increased spin-flip induced by
symmetry breaking and entanglement of σ and π
orbitals, with surface roughness. However, the
increase of the correlation length leads to con-
servation of spin-polarization over longer channel
lengths. The effect of channel length is studied and
the spin-relaxation time is obtained in the order of
picosecond which is agreement with experimental
measurements which indicates the importance of
including surface roughness for understanding the
relatively small spin-relaxation time in graphene.
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